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Abstract
In urban areas, the main factor causing excessive fuel consumption is stop-and-go, which is prevalent at urban intersections. To decrease fuel consumption at the intersections, various methods have been proposed and evaluated using simulation models and driving simulators. However, it is not known how reliable the driving simulator results would be when compared with those of the field test. In this paper, eco-driving guidance and eco-signal system based on vehicle-to-infrastructure communication are developed and tested in the field in a multi-vehicle environment. They were also tested using a driving simulator and the results were compared with those of the field test. This was intended to assess the reliability of driving simulatorbased study. The field test results at an isolated intersection indicated that the eco-driving guidance could save the fuel consumption around 20%-40% and the eco-signal system could reduce the fuel consumption up to 45%. Although the absolute fuel consumptions between the driving simulator test and the field test did not match, the results from both tests confirmed better performance with eco-driving guidance and eco-signal system when compared with the base scenarios. This indicates that a driving simulator is an effective tool for assessing relative benefits of eco-driving guidance and eco-signal system.
Transportation is the second largest sector responsible for the greenhouse gas (GHG) emissions in the United States (1). Thus, many researchers have explored the benefits of various technologies, such as developing fuelsaving devices, improving engine technologies, and providing eco-driving guidance toward fuel consumption savings and greenhouse gas reductions. In the transportation field, eco-driving is known as an effective method to save fuel consumption at signalized intersections. Ecodriving technology provides optimal speed information, which allows a vehicle to reduce unnecessary fuel consumption, through vehicle-to-vehicle or vehicle-toinfrastructure (V2X) communication.
In general, there are several methods to assess the effectiveness of the eco-driving technology: simulationbased evaluation, driving simulator-based experiment, and field test. For most of the studies on eco-driving, simulation tools have been mainly used due to their convenience and the cost effectiveness. Microscopic traffic simulation tools (e.g., VISSIM and PARAMICS) have been used to analyze the benefits of eco-driving. The preliminary simulation results showed significant reductions by approximately 20% in fuel consumption, with ecodriving controls (2) (3) (4) (5) (6) (7) (8) . The simulation-based evaluations usually have a strong assumption that the vehicles can perfectly follow optimal speeds suggested by the ecodriving control algorithms. However, in the real world, drivers might not able to exactly follow the recommendation speed because of human drivers' perception reaction time, compliance behavior and time needed to reach desired speed. Therefore, a microscopic simulation-based method might not be suitable for assessing eco-driving behaviors because it does not properly model actual drivers' behaviors.
Therefore, field-test-based evaluation is considered as a more reasonable method than a simulation method. For example, The International Commission for Driver Testing (CIECA) eco-driving project (9) was introduced to improve the fuel economy of vehicles in Europe. In California, Stillwater and Kurani (10) reported that 40% of 98 participants drove more economically when they received fuel usage information (i.e., energy feedback). Tulusan et al. (11) implemented eco-driving using mobile technology in the field and showed fuel consumption reductions around 3%-8%. Barth and Boriboonsomsin (12) tested a dynamic eco-driving system in both the simulation and the field, which provides eco-speed information to the drivers. The dynamic eco-driving advice system led to fuel reductions of approximately 10%-20%, whereas the reduction rate of field-testing results was slightly lower than simulation results. Kurani et al. (13) installed devices providing energy feedback at the dashboard in vehicles and collected data from 118 drivers for two months in California. They found a significant reduction rate of 2.7% in fuel consumption with the energy feedback. Many previous studies mentioned that field tests should be considered because fuel usages are affected by many factors including road geometry (e.g., grade and road surface friction), environmental conditions (e.g., wind speed and direction), traffic conditions, and driver's behavior (3) (4) (5) (6) .
However, field tests have limitations such as expensive experimental cost and safety issues, which trigger that the driving simulator is frequently used to assess many transportation applications. For eco-driving studies, many research groups have been using driving simulators to evaluate various eco-driving strategies, which provide eco-driving information via variable message signs (VMS) or an in-vehicle device (14) (15) (16) (17) (18) (19) . The results showed that the fuel consumption was varied by the experiment scenarios and the reduction rates were around 10%-20% compared with without eco-driving. Another advantage of using a driving simulator is that many scenarios can be analyzed in less time and cost constraints compared with the field test. Those repetitive tests can reduce impacts of external factors so that it allows focus on capturing the main features of experiments.
In this study, an eco-driving guidance and an ecosignal system using V2X communication in a multivehicle environment were developed. There is no doubt that field tests are better than driving simulator-based tests in the aspects of reality and accuracy. But the effect of the driving simulator is also worthy of investigation. Therefore, the proposed system was evaluated through field tests. Then the driving simulator-based tests were followed, in which the driving environment was the same as the field, to compare the test results. The primary objectives of this study were to reduce fuel consumption using eco-driving guidance and eco-signal mechanisms and to verify the confidence of a driving simulator by comparing with field test results. For calculating recommendation speeds, the signal phase and timing (SPaT) information, locations, and speeds of a subject vehicle, which are transmitted through V2X communication, were used.
The main contributions of this study are as follows. First, an eco-driving guidance system is proposed so that it can provide speeds to minimize fuel consumption of the subject vehicle and prevent critical safety situations at the same time by considering maneuvering of the leading vehicle at the intersections. Second, an eco-signal mechanism is combined to the eco-guidance system to effectively decrease fuel consumption by considering both vehicle trajectories and traffic signal phases. Third, the proposed system is evaluated with both field tests and laboratory tests using a driving simulator, then the results are compared and analyzed in terms of fuel consumption which are collected by on-board diagnostics II (OBD II) data or estimated using the VT-Micro model. Fourth, we assessed the reliability of driving simulator and verified that a driving simulator is an effective tool for evaluating relative benefits of eco-driving guidance and eco-signal system.
Proposed System
To improve the fuel consumption at the signalized intersections in a multi-vehicle condition, the recommendation speed is calculated for the driver based on the SPaT information, current speed, and the remaining distance from the intersection. The basic settings are as follows: a leading vehicle's (V L ) trajectory information to ensure safe driving; the leading vehicle (V L ) equipped with an on-board unit (OBU), but not receiving an eco-driving guidance; and a following vehicle (V F ), which is a subject vehicle equipped with OBU, following an eco-driving guidance. In this section, the proposed system, including the eco-driving and the eco-signal mechanisms, is described in detail.
System Architecture
As shown in Figure 1a , a roadside unit (RSU) is installed at the intersection, and the V L and the V F are approaching the intersection. As mentioned above, only V F follows the eco-driving guidance system of which the flow chart is represented in Figure 1b . Every vehicle broadcasts a basic safety message (BSM) including the vehicle's GPS (g f is for V F ; g l is for V L ) and speed information (v f is the current speed of V F ; v l is the current speed of V L ) in every 0.1 s using OBU. The RSU that is connected to traffic signal control extends the remaining green time based on the received BSM and the proposed eco-signal mechanism when V F can only cross the intersection with additional green time. The RSU broadcasts an a-la-carte message (ACM) including SPaT and GPS (g RSU ) information. Note that the message formats of BSM and ACM can be referred in (20) . The OBU of V F transmits the received information from the RSU and V L to the laptop using user datagram protocol (UDP) over the wired network. The laptop calculates the recommendation speed (v r ) based on the proposed eco-driving mechanism, the driver's average acceleration (a b ), and a speed limit (v lim ). Then, the recommendation speed and vehicle maneuver (e.g., acceleration, speed maintenance, and deceleration) are transmitted to the tablet PC via Bluetooth, along with the current speed, SPaT, and the remaining distance information.
Eco-Guidance and Eco-Signal Mechanisms
The vehicle trajectory planning developed in (21) is adopted to reduce fuel consumption at a signalized intersection. The trajectory planning in (21) attempts to minimize the fuel consumption by minimizing the total tractive power demand and the idling time. Thus, the trajectory of vehicle was designed to accelerate to a target speed quickly and then keep the speed until passing the intersection. The acceleration profile was designed with a trigonometric increase, which can be referred to in (21) . Since we could not be assured that the acceleration profile is effective to drivers who have different driving behaviors, we used constant acceleration model reflecting the driver's acceleration behavior. Moreover, to further reduce the fuel consumption, the eco-signal mechanism proposed in (22) , which controls green splits towards the minimum waiting time of vehicles, is adopted.
Eco-Speed Guidance Mechanism. A recommendation speed is determined based on the information of SPaT, the vehicles' speed, and GPS of the vehicles and RSU. The proposed system calculates a recommendation speed differently according to the signal state. The trajectory information and braking distance V L are also considered for the safety issue on the speed recommendation. and d eV L are defined as follows, which are derived by measuring the area of Figure 2 indicating that a vehicle speeds up to v lim and keeps the speed during the remaining green time (t g ).
Note that t If the driver of V L prefers to speed up more than the speed limit while crossing an intersection, V F does not need to consider the trajectory of V L because the recommendation speed may not be higher than the speed limit. However, if V L approaches the intersection eco-friendly, which means a smooth speed trajectory and is close to the eco-driving behavior, V F needs to consider the trajectory for the speed recommendation of V L because a wrong recommendation speed may cause a car accident with V L . Therefore, two types of recommendation speed are calculated for the safety issue during the green time. The first type is to compute the recommendation speed regardless of the trajectory of V L . Namely, it is applicable to the case that V L speeds up more than v lim . To this end, the proposed method in (23) is adopted for the speed recommendation. The second type is to compute the recommendation speed using additional information, such as braking distance of V F and trajectory of V L . It applies to the case that V L approaches the intersection eco-friendly. The recommendation speed is calculated as follows.
Since V L approaches the intersection eco-friendly in the second type, V F needs to follow V L with the braking distance to cross the intersection within the remaining green time safely. It is expected that V F is the braking distance away from V L when the signal changes to yellow light. Therefore, the expected moving distance of V F during t g satisfies Equation 3 .
This is derived from Figure 2 , where t tr indicates the time to the recommendation speed from v f ; d V F V L means the distance between V F and V L ; d b is the braking distance of V F ; and d b is represented by:
where t pr means perception reaction time, and m and g indicate the coefficient of friction between the road surface and the tires and the gravity of Earth respectively. t pr and m are set as 1.5 s and 0.7 respectively, that are common baseline values incorporating the ability of the vast majority of drivers under normal road conditions (24, 25) . In order to find v r from Equation 3, it is transformed to Equation 5, which is a quadratic equation for t tr , to find t tr first. After finding t tr using the quadratic formula, v r can be computed by Equation 6:
After finding the two types of v r , the system selects the minimum v r as a speed recommendation.
When V F Can Cross the Intersection with Additional Green Time. If d eV F and d eV L are longer than d V F R and d V L R , respectively only with the increased green time, the V F decides to cross the intersection by expecting that the RSU will increase the remaining green time according to the ecosignal mechanism, which is described later in this section. Here V F expects that t g will be increased to t g + b max= 2 where b max . is the maximum additional time in the ecosignal mechanism. The methods to compute d eV F , d eV L , and v r are the same as the above methods except that t g + b max= 2 is used instead of t g in Equations 1-5.
the increased green time, V F considers that it cannot cross the intersection within the remaining time. In order to decrease fuel consumption, the system guides the driver with a speed that can avoid full stop. Namely, the system leads the vehicle to cross the intersection at the next green time. The recommendation speed is computed by
where d SV F indicates the distance between the stop bar and V F ; y and r mean yellow and red intervals, respectively.
Yellow and Red Time. When V F approaches a stop bar during the yellow or red time, the proposed system leads the vehicle to cross the intersection without deceleration when the red time ends. Namely, as an ideal scenario, the system guides V F to pass the stop bar when the signal changes from red to green. However, since V L may pass the stop bar or wait for the green light at the stop bar, it is challenging to predict the recommendation speed due to the safety issue. In order to find the recommendation speed, it is assumed that V L may stop at the stop bar before green time. When calculating a recommendation speed, the system leads V F to have the same speed as V L after t seconds and maintain the braking distance corresponding to the speed. t means a variable time after changing from red to green light. That is to say, the vehicle crosses the stop bar without deceleration during t y + r + t at the yellow time or t r + t at the red time. Here t y and t r indicate the remaining yellow time and the remaining red time respectively. The recommendation speed is computed with:
where T is represented by T = t y + r or T = t r , a V L means the average value of V L 's acceleration, and n V L and g represent the number of leading vehicles and the average length of vehicles including the safety distance of the stopped vehicle. After finding the t using the quadratic formula, v r can be computed by:
Note that v r depends on the trajectory of V L and it cannot be precisely predicted every time due to the condition or driver of V L . Therefore, in every situation, v r will be v l when d V F V L is less than d b to prevent cars colliding.
Eco-Signal Mechanism. For the eco-signal mechanism, the RSU needs to verify whether the eco-driving vehicle can cross the intersection with/without the additional time b max seconds through Equation 1. If the vehicle can cross the intersection only with the additional time, the RSU extends the remaining green time as described in Equation 10 . The optimal signal timing plan is selected among feasible signal timing plans by minimizing total delay of n vehicles. More detailed information regarding the eco-signal mechanism is described in (22) .
Subject to Delay is assigned to a vehicle which cannot cross the stop bar within the remaining green time (i.e., when p v À current time.t g ). The vehicle's delay is accumulated until passing the stop bar at the next green signal. The delay is described as the time difference between when the vehicle crosses the stop bar with the current speed by ignoring signal timing plan and when the vehicle crosses the stop bar at the next green signal. RSU can estimate the delay based on the signal timing plan and the vehicle's trajectory. Namely, when a vehicle cannot cross an intersection within the remaining green time, RSU calculates the vehicle delay when it crosses the stop bar. With regard to the delay of stopped vehicle waiting for green signal, RSU can update the delay with the signal timing plan if the remaining red time is increased. To extend the remaining green time, we select the b towards the minimum total delay of vehicles. Although the delay of vehicle waiting for a green signal would be increased by extending the red time (i.e., extension by b), the total delay of every vehicle in the intersection can be minimized by the eco-signal mechanism by adding a constraint that the green time is only extended if it minimizes the total intersection delay. Note that the optimal value b of the genetic algorithm mentioned in (22) is not exploited since only two vehicles are considered for this test. Moreover, the RSU is allowed to extend the remaining green time once to prevent severe delay of vehicles.
Evaluations and Results
The proposed system was evaluated in the field as well as with a driving simulator based on PreScan, an off-theshelf program explicitly modeling vehicle dynamics and sensor errors, to verify the confidence of the simulationbased eco-driving and eco-signal studies. As to the performance metric, the fuel consumption was used to prove the effects on fuel savings. The length of test-bed was 110 m, and it was assumed that the test-bed consists of two intersections; V F moved from the first intersection to the next intersection. The distance between the stop bar and RSU was 15 m. v lim was 40 km/h (11.12 m/s). Green and red intervals were 20 s each and yellow interval was 3 s. b max was 12 s. a b was set as a driver's average acceleration value, and a V L was set as 1.7 m=s 2 , which was the experimental value of the four drivers' average acceleration during 3 s after departure.
Test Scenarios
To evaluate the proposed system, four scenarios were designed depending on traffic signal and vehicles' location.
Scenario 1: V L and V F departed when the remaining green time was 16 s and 14 s respectively; the distance between V F and the RSU was 110 m; the distance between V F and V L was 10 m. Scenario 2: V L stopped at the stop bar; V F departed when the remaining red time was 10 s; the distance between V F and the RSU was 110 m. Scenario 3: V L and V F departed when the remaining red time was 15 s and 13 s respectively; the distance between V F and the RSU was 110 m; the distance between V F and V L was 10 m. Scenario 4: V L and V F departed when the remaining green time was 11 s and 10 s respectively; the distance between V F and the RSU was 110 m; the distance between V F and V L was 10 m.
Through Scenario 1, it was proved that the proposed system prevented unnecessary acceleration for crossing the intersection during the remaining green time. In Scenarios 2 and 3, it was verified that the system guided the trajectory of V F to approach the intersection without deceleration after accelerating to the recommendation speed during the remaining red time although V L was ahead. Scenario 4 proved that fuel consumption could be further saved by the eco-signal mechanism.
Field Test. The devices were deployed on the road and in the vehicle as shown in Figure 3a and b. The recommendation speed, remaining distance, and SPaT information were displayed on the tablet PC as shown in Figure 3c . When the current speed exceeded the recommendation speed, the shading color of recommendation speed was changed to red to warn the driver as shown in Figure 3c . Two Hyundai Avante MD vehicles were used for the field test as V F and V L . Each scenario was tested for five pairs (with and without guidance) of trials. The fuel consumption, which is the amount of fuel injected into the engine, was measured through OBD II. OBD II data indicated in-vehicle sensor data, in real time and compared it with fuel consumption measured using the VTMicro model. In the VT-Micro model, fuel consumption is calculated based on vehicle's speed and acceleration.
Driving Simulator Test. For the driving simulator test, the software PreScan and the hardware Logitech were used to implement the eco-driving and eco-signal system (26) . To ensure a fair comparison, the network and the scenarios were built identical to those of field. The driving simulator environment was as shown in Figure 4 , in which the driver can see the actual speed as well as the recommendation speed in different colors. For the leading vehicle, the trajectories in the field test (of the leading vehicle) were imported in order to make sure the driving environment in the driving simulator was as similar as possible to the field. All five trajectories for each scenario were tested, and each trajectory was tested ten times by each driver (two drivers participated in the test).
Test Results
Based on the field test, the average fuel consumptions, which were measured as well as calculated with the VTMicro model using the measured speed and acceleration data, are summarized in Table 1 . The data for every trial is attached in Appendix A. Here, we are focusing on two points: first, to evaluate the effectiveness of the ecodriving guidance in the field; second, to observe how the fuel consumption calculation model VT-Micro distorts the results since the driving simulator results rely on the theoretical calculation of fuel consumption.
From Table 1 , it can be seen that the eco-guidance could reduce the fuel consumption approximately 20%-40% in the normal signal scenarios (Scenarios 1-3) . The trajectory comparisons in Figure 5 can show the changes made by the eco-driving guidance. Under the guidance, the driver had more smooth speeds, especially avoiding unnecessary decelerations. The benefit was more obvious in Scenarios 2 and 3 than Scenario 1 since the red signal was forcing the vehicles to stop. The eco-signal helped with fuel saving the most at 45.0%. Considering that the eco-signal enabled green-time to lengthen so that the vehicle could avoid a stop, the result is as expected.
For the theoretically estimated fuel consumption, the overall values were underestimated (i.e., the fuel consumption reduction from VT-Micro was around 10% lower than that of the field measured). The differences were also narrowed, compared with those measured in the field. That is because the model was not calibrated to any specific vehicle since limited field fuel consumption data were available. Besides, the gear level change is not considered for the calculation of fuel consumption in the VT-Micro model. In detail, a vehicle consumes more fuel after just achieving a higher gear level than the calculated amount by the VT-Micro model although the speed is not changed or increased only 1 km/h. Namely, the gear level changes could have caused differences between the measured amount and the calculated amount using the guidance; up to level 3 in Scenarios 2 and 3 with the guidance; up to level 4 in Scenarios 2 and 3 without the guidance), the relative difference between the measured amount and the theoretically calculated value is bigger in the test without the guidance. Therefore, the fuel reduction from the VT-Micro is lower than the one based on the measured values in Table 1 . Moreover, given that V F kept the speed after acceleration without unnecessary deceleration and the gear level is not considered in the VT-Micro model, the calculated fuel consumption values were less sensitive than the measured values when following the guidance. The driving simulator test results are represented in Table 2 . The data for every trial is attached in Appendix A. The difference cells shaded with gray represent significant differences at 95% confidence level. The four histograms in each scenario indicate the fuel consumptions with and without the eco-driving guidance of Driver1 and Driver2, respectively.
On average, the fuel consumption reductions by the eco-driving guidance as well as the eco-signal were statistically significant. The range of the reduction rates was pretty wide: + 0.6%;28.3% in Scenario 1; 216.1%;230.8% in Scenario 2; 29.1%;232.9% in Scenario 3; and 229.9%;232.4% in Scenario 4. The fuel consumptions in the driving simulator test were always higher than the average in the field test. This can be due to the diminished feeling of the simulator toward the traffic noise and pavement friction, which led to the drivers driving more aggressively unexpectedly compared with the field. That is to say, when given the same recommendation speed, the driver in the driving simulator would have harder pressure on the throttle or brake in a short period to adjust the speed compared with in the field. Scenario 1 was not showing an obvious fuel consumption reduction, even though the differences were proved to be significant. The reduction rates were all smaller than that in the field test. For Scenarios 2 and 3, the fuel consumption reduction rates were closest to the field test results, where the reduction values in the field test were covered by the reduction rate range in the simulator test. Eco-signal case (Scenario 4) had the most fuel consumption reduction rate at around 30%, which was also lower than the field test.
From the results, it can be observed that the theoretical fuel consumption calculation gives a lower reduction rate compared with the measured result. On the basis of this, the driving simulator result made a further underestimation of the eco-driving guidance system. The main reason can be considered as the unexpected aggressive driving behaviors such as more accelerations and decelerations in the driving simulator due to the diminished feeling of the noise and shaking arisen from the pavement friction. This also caused the higher fuel consumptions in the simulator test compared with those in the field test.
Though the fuel consumption reductions had significant differences with eco-driving guidance and eco-signal vs. without them, Scenario 1 did not present obvious fuel savings compared with the other scenarios and the same scenario in the field test, and the fuel reduction rate varied between + 0.6%;28.3%. Scenarios 2 and 3 had similar fuel consumption reduction rates in the simulator test, varying from 216.1%;230.8% and 29.1% ;232.9%, respectively, compared with the field test (216.1% and 229.8%, respectively). Finally, Scenario 4 in the simulator test had the biggest fuel saving at around 30% but was also lower than the field test result (41.9%).
Conclusions
In this paper, the effectiveness of eco-driving technology on fuel consumption was evaluated in the field as well as using a driving simulator. To implement the experiments, an eco-driving guidance and an eco-signal system using V2X communication in a multi-vehicle environment were proposed. By testing several pairs (with and without guidance) of trials for each scenario, the fuel consumption reduction rates were calculated to evaluate the benefit of the eco-driving system, and also to validate the confidence of the driving simulator through comparing with the field test result.
The field test results showed that the eco-driving guidance could save the fuel consumption around 20%-40% and the eco-signal system could achieve fuel consumption reduction up to 45%. The trajectory and the acceleration profile proved that the eco-driving can successfully help the participants drive more smoothly and avoid some unnecessary braking. Compared with the measured fuel consumption, the theoretically calculated fuel consumptions with the speed and acceleration data using the VT-Micro model were underestimated, and their fuel consumption reductions were around 10% lower than those of the field measured results. That is to say, the driving simulator results could vary depending on the fuel consumption estimation model as well as the vehicle used in the field, although it seems the relative benefits are valid.
For the driving simulator test, the average fuel consumption reductions by the eco-driving system were statistically significant. But the range of the reduction rates was pretty wide, and only Scenarios 2 and 3 had similar reduction rates to the field, in which the values in the field test were included in the reduction rate range in the simulator test. Compared with other scenarios, Scenario 1 was not showing an obvious fuel consumption reduction ( + 0.6%;28.3%) though the differences were significant between with and without guidance. Scenario 4 achieved the highest fuel consumption reduction of approximately 30%, but again lower than that of the field test result.
Based on the findings of this research, the following future research directions are recommended.
A more accurate fuel consumption model is needed as the driving simulator-based simulation results highly depend on the theoretical calculation. If an accurate fuel consumption model is available for all vehicle types and models, the eco-guidance algorithm can be designed by considering specific fuel consumption model for each vehicle so as to maximize the fuel savings.
A network-wide evaluation is needed, especially for the eco-signal case, where the impact of the eco-driving system not only to the subject vehicle but also its surrounding vehicles which are affected by the subject vehicle or the eco-signal also needs to be considered. Scenarios that multiple vehicles follow the ecoguidance need to be considered in order to induce the vehicles to drive eco-friendly using interactions between them. Effect of eco-signal on the overall traffic flow needs to be further investigated because increasing green splits could affect delays of vehicles waiting for green-time signal and cause traffic congestions. 
